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Abstract 
Helicases are molecular motors that couple the energy of nucleoside triphosphate (NTP) 
hydrolysis to the unwinding and remodeling of structured DNA or RNA.  The conversion 
of energy derived from NTP hydrolysis into unwinding of double-stranded nucleic acids is 
coordinated by seven sequence motifs (I, Ia, II, III, IV, V, and VI).  The Q motif, consisting 
of an invariant glutamine (Q) residue, has been identified in some, but not all helicases.  
Compared with the seven well-recognized conserved helicase motifs, the role of the Q motif 
is not well known.  Mutations in the human ChlR1 (DDX11) gene are associated with 
Warsaw Breakage Syndrome characterized by cellular defects in genome maintenance.  
ChlR1 is known to play essential roles to preserve genomic stability, particularly in sister 
chromatid cohesion.  To examine the roles of the Q motif in the ChlR1 helicase, we 
performed site directed mutagenesis of glutamine to alanine at residue 23 in the Q motif of 
ChlR1.  ChlR1 recombinant wild type (WT) and mutant (Q23A) proteins were 
overexpressed and purified from HEK293T cells. The ChlR1-Q23A mutant abolished the 
helicase activity of ChlR1, and displayed reduced DNA binding ability.  The mutant 
showed impaired ATPase activity but displayed normal ATP binding.  The Q motif in 
FANCJ helicase, a ChlR1 homolog, regulates FANCJ’s dimerization, while our size 
exclusion chromatography (SEC) indicated that the ChlR1 protein functions as a monomer.  
A thermal shift assay revealed that ChlR1-Q23A has a similar melting point as ChlR1-WT.  
Partial proteolysis mapping demonstrated that ChlR1-WT and Q23A have similar globular 
structures, although there are some subtle conformational differences between these two 
proteins.  Taken together, our results suggest that the Q motif in ChlR1 helicase is involved 
in DNA binding but not in ATP binding. 
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1. Introduction   
1.1 Helicases 
The first helicase protein was discovered in Escherichia coli (Abdel-Monem et al., 1976) 
and then helicases with diverse functions have been found in all organisms.  The number of 
helicases expressed in higher organisms is strikingly high, with approximately 1% of the 
genes in many eukaryotic genomes.  Helicases are motor proteins that move directionally 
along a nucleic acid phosphodiester backbone, separating two annealed nucleic acid strands 
(i.e., DNA, RNA, or DNA-RNA hybrid) using energy derived from ATP hydrolysis.  
Helicases can be classified into 5'3' helicases or 3'5' helicases based on their direction 
of movement.  According to their substrates, helicases are classified into DNA and RNA 
helicases, although some can function on both DNA and RNA molecules (Pyle, 2008). 
Helicases play roles in virtually all aspects of nucleic acid metabolism, including 
replication, repair, recombination, transcription, chromosome segregation, and telomere 
maintenance, ribosome biogenesis, mRNA splicing, and mitochondrial RNA processing 
(Brosh, Jr. and Bohr, 2007; Lohman and Bjornson, 1996; Tanner and Linder, 2001).  DNA 
helicases have been reported to function in a variety of DNA metabolic processes, including 
unwinding duplex and alternative DNA structures (triplex, G-quadruplex), displacing 
protein bound to DNA, and chromatin remodeling (Bernstein et al., 2010; Dillingham, 2011; 
Singh et al., 2012).  RNAs can also fold into specific three-dimensional structures that 
include secondary (RNA helices) and tertiary structure and bind with ribonucleoprotein 
complexes (RNPs) where unwinding and remodeling are required in which RNA helicase 
plays a vital role (Jankowsky, 2011).  RNA helicases are also essential for RNA 
metabolism like mRNA splicing, transcription, RNA editing, RNA export, rRNA processing, 
RNA degradation, and regulation of gene expression (Jarmoskaite and Russell, 2014; Tanner 
and Linder, 2001; Jankowsky, 2011).  They also play an important role in sensing viral 
RNAs in the context of the innate immune system (Schlee et al., 2009).  RNA helicases 
outnumber DNA helicases and they often perform functions substantially different from 
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those attributed to DNA helicases.  However, in terms of structure and sequence, RNA 
helicases are closely related to DNA helicases (Fairman-Williams et al., 2010). 
 
1.2 The Mechanism of Helicases 
A complete understanding of the mechanism of nucleic acid unwinding and/or translocation 
by a motor protein requires information regarding the oligomeric structure of the functional 
enzyme, as well as the translocation mechanism, directional bias, step size, rate and ATP 
hydrolysis. 
During genome replication, repair, and recombination, helicases need to unwind nucleic 
acids much longer than their binding sites, so the helicase stays on track and catalyzes 
repeated cycles of base pair separation steps.  Base pair separation takes place at 
single-stranded/double-stranded junction regions.  Helicases unwind long stretches of 
duplex nucleic acids by coupling base pair separation to translocation.  In general, 
mechanisms of helicase-catalyzed DNA or RNA unwinding can be classified as either 
“active” or “passive” (Amaratunga and Lohman, 1993; Lohman and Bjornson, 1996; 
Manosas et al., 2010; von Hippel and Delagoutte, 2001). 
In a passive mechanism, the helicase does not interact with the double strand DNA 
(dsDNA).  Instead it uses its directional single-stranded DNA (ssDNA)-translocase activity 
to move onto and thus stabilize ssDNA, which has resulted from transient base-pair opening 
and closing fluctuations.  Many ring-shaped (T7 gp4, DnaB, MCM) and non-ring-shaped 
helicases (NPH II, Dda) have been proposed to unwind nucleic acid by this mechanism 
(Jezewska et al., 1998; Kaplan, 2000; Kaplan et al., 2003; Kawaoka et al., 2004; Tackett et 
al., 2001).  This mechanism and the mode of nucleic acid binding provide a way to prevent 
immediate reannealing of the unwound strands (Velankar et al., 1999). 
In the active mechanism, the helicase interacts directly with the double-strand near the 
unwinding junction region and distorts it prior to fully separating the strands by directional 
translocation (Velankar et al., 1999; Wong and Lohman, 1992).  Such a mechanism has 
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been proposed for the PcrA helicase based on a crystal structure that showed interactions of 
the 2B domain with the duplex DNA (Cheng et al., 2002).  In active mechanisms, the 
stepping models have generally been described as inch-worm mechanisms for monomeric 
translocases, which require the translocase to have at least two nucleic acid binding sites 
(Velankar et al., 1999; Yarranton and Gefter, 1979; Yu et al., 2006; Hill and Tsuchiya, 1981; 
Soultanas and Wigley, 2001). In the inchworm mechanisms, the two binding sites bind and 
release nucleic acid in response to the signals received from the NTPase site (Wong and 
Lohman, 1992; Velankar et al., 1999; Yarranton and Gefter, 1979).  A cycle of nucleic acid 
binding, release, and translocation events begins with one helicase site bound tightly to the 
nucleic acid and the second helicase site bound weakly to the nucleic acid (Fig. 1.1A). 
Rolling or hand-over-hand mechanisms applicable to multisubunit helicases have also been 
proposed (Wong and Lohman, 1992), although the evidence that led to the proposal of the 
rolling model is also consistent with a “dimeric inch-worm model”.  If there is only one 
possible nucleic acid binding site, the helicase may move unidirectionally along the nucleic 
acid using a Brownian motor or ratchet type mechanism (Levin et al., 2005; Astumian, 
1997).  In the weak state, the helicase can move in either direction (Brownian motion) 
along the nucleic acid.  When the helicase resumes the tight state, it makes a step forward 
(power stroke). Those molecules that have fluctuated in the forward direction move ahead 
and those that have fluctuated in the opposite direction return to the original position. 
Repetition of these steps leads to net forward movement of the helicase along the nucleic 
acid (Fig. 1.1B). 
Even though the helicase core domains share a similar three-dimensional fold and many 
helicase family members display helicase activities as monomers, they often assemble into 
various oligomeric states or work as part of a larger protein complex to display full activity.  
The hexamer is the most established oligomerization state in which six subunits assemble to 
form a ring-shaped structure (e.g., T7 gp4, E. coli DnaB, RepA, Rho, MCM, and 
SV40-LTag) (Patel and Picha, 2000).  However, the single subunit of these ring-shaped 
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helicases (T7 gp4) is not active in catalyzing nucleotide hydrolysis or unwinding reactions, 
suggesting hexamer formation is essential for their function (Guo et al., 1999).  Moreover, 
the ring-shaped structure is stabilized by the binding of NTP, a divalent metal ion, or both, 
and by the nucleic acid substrate (Patel and Picha, 2000).  The enclosure of the nucleic 
acid by the protein subunits decreases the probability of the helicase falling off, thus 
increasing the ability of the helicase to maintain processivity.  Another advantage of this 
arrangement is that the coupling of NTPase cycles between the hexameric subunits can 
increase the efficiency of promoting translocation.  Oligomerization is also an important 
strategy for non-ring-shaped helicases as well, and they have mainly been considered to be  
 
 
Fig. 1.1 Proposed mechanisms of translocation and strand separation of helicase. 
Stepping inchworm mechanism.  A helicase monomer with a tight (closed hand) and a 
weak (open hand) nucleic acid binding site is shown to undergo steps of helicase movement 
(power stroke) and nucleic acid affinity changes.  (B) Brownian motor mechanism.  On 
the right, the helicase is shown to undergo nucleic acid affinity changes (tight to weak).  In 
the weak state (2), the helicase fluctuates in either direction.  Upon resuming the tight state 
(3), some helicase molecules move forward (3) and some return to their original position 
(1).  On the left, the free energy of the helicase-nucleic acid complex is shown along the 
nucleic acid length. (Patel and Donmez, 2006.  Reprinted with permission) 
A
D
C Load on ssDNA
Load on dsDNA
B
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monomeric or dimeric (Patel and Donmez, 2006).  Most non-ring shaped helicases 
function as monomers (e.g., T4 phage Dda, HCV NS3h, and E. coli RecQ) (Nanduri et al., 
2002; Xu et al., 2003; Levin et al., 2004) and their activity is greatly enhanced by the 
formation of dimers or higher oligomers (Maluf et al., 2003; Cheng et al., 2001; Byrd and 
Raney, 2005; Levin et al., 2004). 
 
1.3 Superfamily 2 Helicases 
Based on the presence and the structure of helicase motifs along with their functional 
analysis, helicases have been classified into six superfamilies (SF) (Singleton et al., 2007).  
Helicases of different families share similarities in their three-dimensional folds, with two 
RecA-like domains making up the helicase core (Subramanya et al., 1996; Bird et al., 1998; 
Singleton et al., 2000).  SF1 and SF2 helicases are closely related and typically contain 
several domains and a single NTP binding site at the interface of the two RecA-like 
domains.  RecA is a 38 kDa protein essential for the repair and maintenance of DNA.  
SF1 and SF2 helicases can function as monomers, dimers or larger oligomers (Mackintosh 
and Raney, 2006).  Besides SF1 and SF2, the other helicases are classified into four 
families: SF3 (e.g., papilloma virus E1), SF4 (e.g., DnaB-like), SF5 (e.g., Rho/V- 
F-ATPases), and SF6 (e.g., AAA+-like family).  Most SF3-6 helicases are hexameric (or 
double-hexameric) rings formed from 6 (or 12) individual RecA folds. 
Helicase superfamily 2 is the largest and most diverse of the helicase superfamilies 
(Byrd and Raney, 2012).  They are RNA-dependent ATPases and ATP-dependent RNA 
binding proteins and a few have activity with DNA substrates as well (Hilbert et al., 2009).  
It has been further divided into sub-families including RecQ-like, RecG-like, Rad3/XPD, 
Ski2-like, type I restriction enzyme, RIG-I-like, NS3/NPH-II, DEAH/RHA, DEAD-box, 
and Swi/Snf families based on sequence homology (Fairman-Williams et al., 2010; 
Jankowsky and Bowers, 2006; Jankowsky and Fairman, 2007).  One of the most notable 
SF2 helicase signatures are the characteristic sequence motifs (Fig. 1.2A).  The conversion  
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Fig. 1.2 Conserved motifs in superfamily 2 helicases.  (A) Sequence organization of the 
helicase core motifs in SF2 (Parsyan et al., 2011.  Reprinted with permission).  (B) 
Position of the characteristic motifs in three-dimensional structures of SF2 proteins.  The 
bound ATP analog is colored margenta, the nucleic acid is colored wheat. (From 
Fairman-Williams et al., 2010.  Reprinted with permission). 
A
B
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of energy derived from NTP hydrolysis into unwinding of double-stranded nucleic acids is 
coordinated by 9 sequence motifs (Q, I, Ia, Ib, II, III, IV, V and VI) (Singleton et al., 2007).  
Of these 9 motifs, 7 motifs are most conserved during evolution, and are usually clustered 
in a region of 200 – 700 amino acids called the helicase core domain.  Generally, motifs I, 
II, and VI are essential for ATP binding and hydrolysis, motifs Ia, IV and V are primarily 
responsible for DNA binding, and motif III is important for coupling ATP hydrolysis to 
remodeling events such as unwinding.  The highest level of sequence conservation across 
SF2 is seen in the residues that coordinate binding and hydrolysis of the triphosphate 
(motifs I, II, and VI).  These residues are located in the cleft between the two conserved 
RecA-like helicase domains (Fig. 1.2B).   
The spatial arrangement of functionalities presented by these residues is highly 
conserved in other P-loop NTPases (Phosphate-binding loop, a conserved sequence motif in  
proteins that is associated with phosphate binding with pattern Gly-X4-Gly-Lys-(Thr/Ser)), 
probably reflecting significant evolutionary constraints in the active site for phosphoester 
hydrolysis (Leipe et al., 2002).  Most well-characterized SF2 members display 3′5′ 
polarity.  Exceptions include the Rad3/XPD family members, which are characterized by 
the presence of an iron-sulfur cluster in the N-core domain (Rudolf et al., 2006) (discussed 
in the next section). 
SF2 helicases are involved in transcription, DNA repair, and chromatin remodeling 
(Bennett and Keck, 2004; Fuller-Pace, 2006; Lusser and Kadonaga, 2003) and all aspects of 
RNA metabolism (Pyle, 2008).  Since SF2 helicases function in many parts of nucleic acid 
metabolism, defects of these helicases are associated with a variety of diseases including 
predisposition to cancer, premature aging, immunodeficiency, and mental retardation (van 
Brabant et al., 2000; Ellis, 1997).  For example, mutations in human XPB helicase cause 
defects in both transcription and DNA repair, leading to at least three severe genetic 
disorders: xeroderma pigmentosum, cockayne syndrome and trichothiodystrophy 
(Giglia-Mari et al., 2004; Lehmann, 2003); defects in BLM helicase cause Bloom syndrome 
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which is associated with a very high incidence of different types of cancers, both solid 
tumors and leukemia (Ellis et al., 1995); RECQ4 mutations are associated with an 
autosomal recessive disorder RAPADILINO syndrome (Siitonen et al., 2003).  
Dysfunction of RNA helicases, such as eIF4A mutations, also cause diseases and lead to 
melanoma, liver, lung, colon and breast cancer (Svitkin et al., 2001).  Finally, alter DDX1 
expression in human astrocytes is responsible for the unfavorable cellular 
microenvironment for HIV-1 infection (Fang et al., 2005; Robertson-Anderson et al., 2011). 
 
1.4 Rad3/XPD Family 
Rad3 helicase is encoded by the RAD3 gene of  Saccharomyces cerevisiae, and it is 
required for cell viability and excision repair of damaged DNA (Guzder et al., 1994).  
Rad3 is also involved in the maintenance of the fidelity of DNA replication and acts as a 
component of the general transcription factor IIH (TFIIH) core (Sung et al., 1996).  The 
ortholog of Rad3 in humans is XPD, Xeroderma pigmentosum complementation group D 
protein.  Because the Rad3/XPD family helicases contain a conserved iron-sulfur cluster 
via four cysteine residues, they are commonly referred to as Fe-S helicases.  Rad3/XPD 
family members are critical for many aspects of genome maintenance.  XPD is a part of 
the transcription factor TFIIH that is involved in nucleotide excision repair as well as in 
transcription initiation.  Four human XPD paralogs (XPD, FANCJ, RTEL1 and ChlR1) are 
DNA helicases with roles in DNA repair and genome maintenance (Wu et al., 2009; Wu and 
Brosh, Jr., 2012) (Fig. 1.3 A).  All of these helicases are implicated in autosomal recessive 
genetic diseases: ChlR1 in Warsaw Breakage Syndrome (van der Lelij et al., 2010); FANCJ 
in Fanconi anemia and breast cancer (Cantor et al., 2001; Levitus et al., 2005; Litman et al., 
2005; Levran et al., 2005); XPD in xeroderma pigmentosum, cockayne syndrome, 
trichothiodystrophy, and cerebro-oculo-facio-skeletal syndrome (DiGiovanna and Kraemer, 
2012); and RTEL1 in Hoyeraal–Hreidarsson syndrome, dyskeratosis congenita (Ballew et 
al., 2013; Le et al., 2013).  Members of the Rad3/XPD-like helicase family play distinct  
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and only partially overlapping roles in the cell (Fig 1.3 A).  However, all of them are likely 
to share the overall structure and basic mechanism of DNA translocation and unwinding. 
 
 
Fig. 1.3 Helicase core motifs and the structure of TaXPD.  (A) Members of Rad3/XPD 
DNA helicases family.  They contain a conserved ATPase/helicase core domain 
characterized by the eight conserved helicase motifs (HD1 domaim in yellow, HD2 domain 
in red) and Fe–S cluster domain (Blue).  (B) Overall structure of TaXPD (PDB # 4A15) 
with the two RecA-like domains (HD1 and HD2 domains) in yellow and red, the Fe-S 
cluster domain in blue, and the arch domain in green.  The 4Fe–4S cluster is shown by the 
spheres with orange (Fe atom) and yellow (Cys residue) colors.  Combination of 
experimentally verified DNA is shown in orange with modeled DNA shown in gray (From 
Kuper et al., 2012.  Reprinted with permission). 
FANCJ
ChlR1
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A
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Rad3/XPD helicases are comprised of four domains, RecA-like HD1, RecA-like HD2, 
4Fe-S, and Arch (Rudolf et al., 2006) (Fig. 1.3 B).  All characterized XPD-like helicases 
move along ssDNA in a 5’3’ direction (Pugh et al., 2008; Rudolf et al., 2006; Voloshin et 
al., 2003).  Current structural information on Fe-S helicases is limited to three apo 
structures of archaeal XPD homologs (Fan et al., 2008; Liu et al., 2008; Wolski et al., 2008) 
and a taXPD structure in a complex with a 5 nucleotide ssDNA fragment bound to the HD2 
outside of the classical DNA binding site (Kuper et al., 2012).  Recently, a truncated XPD 
structure was solved (PDB# 5H8C), which may provide more information on the exact 
strunctures and functions for other Rad3/XPD family members.  The Fe-S cluster has dual 
functions to stabilize elements of protein secondary structure and to target the helicase to 
the single-stranded/double-stranded DNA junction (Pugh et al., 2008).  Human FANCJ, 
RTEL1, and ChlR1 are likely to share the basic molecular mechanism of DNA translocation 
and unwinding, as well as a common arrangement of helicase core motifs. 
 
1.5 ChlR1 Helicase (DDX11) 
ChlR1, also known as DDX11, is a superfamily 2 DNA helicase that contains a 
conserved iron-sulfur domain (Fig 1.4).  The functions of ChlR1 appear to be conserved 
throughout evolution.  A role of the ChlR1 helicase in sister chromatid cohesion was 
evidenced by studies of the ChlR1 homolog in yeast and human.  Yeast Chl1 binds to 
components of the replication machinery, implicating a role of Chl1p to preserve genomic 
stability by promoting proper chromosome segregation and efficient sister chromatid 
cohesion during the S phase (Mayer et al., 2004; Rudra and Skibbens, 2013; Skibbens, 2004; 
Tsay et al., 2009).   
RNAi-dependent down regulation of human ChlR1 causes premature sister chromatid 
separation and a profound delay in mitotic progression in human cells, suggesting that 
ChlR1 is required to establish proper sister chromatid cohesion during S-phase (Parish et al., 
2006).  Subsequent RNA interference studies with human cells showed that ChlR1 is 
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required for proper chromosome cohesion at both the centromeres and along the 
chromosome arms, as well as tight binding of cohesion complexes to chromatin (Inoue et al., 
2007; Shah et al., 2013).  Loss of ChlR1 in the mouse resulted in embryonic lethality, 
which suggests that the aneuploidy apparent in Ddx11−/− embryos was a consequence of 
sister chromatid cohesion defects and placental malformation (Inoue et al., 2007) 
Mutations in human ChlR1 are genetically linked to Warsaw Breakage Syndrome 
(WABS), which is characterized by severe microcephaly, pre- and postnatal growth 
retardation, and abnormal skin pigmentation (van der Lelij et al., 2010).  A patient 
diagnosed with WABS carried compound heterozygous mutations in ChlR1, a splice site 
mutation and a 3-bp in-frame C-terminal deletion (c.2689_2691del [p.K897del]) that was 
shown to abrogate the ChlR1 helicase activity (Wu et al., 2012a).  Cells from the patient 
exhibited chromosomal instability characterized by sister chromatid cohesion defects, 
 
Fig. 1.4 Human ChlR1 amino acid sequence.  Seven helicase motifs indicated with 
yellow and Q motif with blue.  The signature motif II sequence (DEAH) is in bold.  The 
patient mutations R263Q and K897del are indicated in red, the possible trypsin cleavage 
sites are indicated in green (Predicted by DNASTAR-Lasergene Protean 3D). 
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chromosomal breakage, and sensitivity to the DNA cross-linking agent, mitomycin C and 
the topoisomerase inhibitor, camptothecin (van der Lelij et al., 2010).  In a second reported 
WABS case, three affected siblings who carry a homozygous missense mutation (R263Q) in 
the conserved Fe-S domain showed severe intellectual disability and many of the congenital 
abnormalities reported in the original case. The biochemical assays revealed the point 
mutation impaired helicase activity by perturbing its DNA binding and DNA-dependent 
ATP hydrolysis (Capo-Chichi et al., 2013).  Recently, a third case was reported that shares 
similar phenotypic features to the previously reported cases, including pre- and postnatal 
growth retardation, severe microcephaly, intellectual disability, facial dysmorphism and 
hearing loss due to cochlea abnormalities (Bailey et al., 2015). 
ChlR1 has been shown to interact preferentially with forked duplex DNA, and 
efficiently unwinds the 5’ flap structure, a key intermediate of lagging strand processing 
(Wu et al., 2012a).  Also, ChlR1 can interact with Fen1 (Flap endonuclease 1) and 
stimulate its 5’ flap endonuclease activity (Farina et al., 2008).  Chl1 promotes Scc2 
(component of cohesion complex) loading unto DNA such that both Scc2 and cohesion 
enrichment to chromatin are defective in Chl1 mutant cells (Rudra and Skibbens, 2013).  
Both Chl1 expression and chromatin-recruitment are tightly regulated throughout the cell 
cycle, peaking during S-phase. 
Biochemically, the purified recombinant ChlR1 protein showed that it is a 
DNA-dependent ATPase and unwinds partial duplex DNA substrates with a preferred 5’ to 3’ 
polarity during DNA-replication (Hirota and Lahti, 2000; Farina et al., 2008).  ChlR1 
interacts with Ctf18-RFC, PCNA, and FEN-1 and stimulates FEN-1 endonuclease activity 
on an equilibrating flap DNA structure, a model intermediate substrate that forms during 
lagging strand synthesis (Farina et al., 2008).  ChlR1 unwinds G-quadruplex (G4) DNA 
with a strong preference for a two-stranded antiparallel G4 (G2’) substrate and is only 
marginally active on a four-stranded parallel G4 structure (Wu et al., 2012a).  It was 
proposed that ChlR1 involvement in lagging strand processing during cellular DNA 
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replication may be important for sister chromatid cohesion (Rudra and Skibbens, 2012).  
Recently it was shown in yeast that Chl1 promotes the loading of Scc2, a cohesion 
regulatory factor, on to chromatin specifically during the S phase (Rudra and Skibbens, 
2013).  The Timeless-Tipin protein complex that is implicated in replication fork 
stabilization and sister chromatid cohesion interacts with ChlR1 (Leman et al., 2010), 
supporting the notion that the DNA helicase collaborates with other factors to maintain a 
fork structure conducive to establishment of cohesion.  However, the precise molecular 
pathways whereby ChlR1 maintains genomic stability are not well understood. 
 
1.6 The Q motif in Helicases 
The Q motif (Gly-Phe-X-X-Pro-X-Pro-Ile-Gln) was first identified in DEAD box RNA 
helicases a decade ago (Tanner et al., 2003).  It is located 17 amino acids upstream of 
motif I and consists of a nine amino acid sequence containing an invariant glutamine (Q) 
residue (Fig. 1.5).  Compared with the conserved seven helicase motifs, the Q motif is 
somewhat less conserved among SF2 helicases.  Site-specific mutagenesis studies 
demonstrate that the Q motif controls ATP binding and hydrolysis in the yeast 
translation-initiation factor RNA helicase eIF4A, and in vivo analyses in yeast showed that 
the Q motif and upstream aromatic group are important for cell viability (Tanner et al., 
2003).  The Q motif was also shown to be important for ATPase activity of a viral helicase, 
NS3 (Gallivan and McGarvey, 2003). 
Several helicase structural studies demonstrated that the Q motif glutamine side chain 
hydrogen binds to the Adenine base, providing specificity for binding ATP (Fig. 1.6) (Del 
and Lambowitz, 2009; Lee and Yang, 2006; Newman et al., 2015).  For example, the Q 
motif of Bloom's syndrome helicases (RecQ family member) is crucial for conferring 
nucleotide triphosphate specificity.  The adenine base of the ADP lies between the side 
chains of L665 and R669, and makes a bivalent hydrogen bond to Q672 (Fig. 1.6).  These 
residues are part of the Q motif in Bloom's syndrome helicases. (Newman et al., 2015) 
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Another recent paper solved the structure of C. sakazakii RecQ helicase and demonstrated 
that the Glutamine in the Q motif is also responsible for binding the adenine in ATP 
(Manthei et al., 2015).  The Q motif regulates not only ATP binding and hydrolysis but 
also the affinity of yeast RNA helicase Ded1 for RNA substrates and its helicase activity 
(Cordin et al., 2004).  Mutagenesis studies in the Q motif in RNA helicases concluded that 
it directly regulates the affinity of the protein for the substrate (RNA) through 
conformational changes associated with nucleotide binding (Worrall et al., 2008; Cordin et 
al., 2004).  It was further proposed that the Q motif in eIF4A and Ded1 RNA helicases 
functions as a molecular on-off switch for ATP hydrolysis and helicase activity (Tanner, 
2003).  The effect of glutamic acid substituted for the invariant glutamine within the Q    
 
Fig. 1.5 Sequence alignment of ChlR1 helicase across species. The helicase motif Q and 
motif I are marked with yellow. 
 15 
 
motif was studied in the RNA helicase Hera.  This work suggested that the Q motif is 
responsible for sensing the nucleotide state of the helicase and establishing a stable 
interaction of the Walker A box (P-loop) with other helicase motifs, and this stabilization is 
required for catalytic competence (Strohmeier et al., 2011). 
 Several crystal structures of DNA helicases have been studied showing that the 
conserved glutamine is structurally important for nucleotide binding.  The crystal 
structures of the ATP-bound Escherichia coli UvrB (Theis et al., 1999), PcrA (Velankar et 
al., 1999), RecQ (Bernstein et al., 2003), and UvrD (Lee and Yang, 2006) helicases show 
the conserved glutamine of the Q motif forms a bidentate hydrogen bond with the adenine 
base; however, its precise role(s) in the biochemical functions of DNA helicases is less well 
understood.  For example, the Q motif of the phage λ packaging motor was shown to be 
involved in DNA-motor interactions and governs its force-generating ability (Tsay et al., 
2009).  However, a recent study of SWI2/SNF2 domain-containing protein ADAAD (a 
fragment of SMARCAL1) suggests that the Q motif is required for ATP hydrolysis but not 
ATP binding (Nongkhlaw et al., 2012).  Another study demonstrated that the Q motif of 
FANCJ helicase regulates its dimerization and DNA binding (Wu et al., 2012b).  Thus, the 
role of the Q motif in helicases is inconclusive. 
 
Fig. 1.6 The coordination of ADP and helicase motifs in Bloom's syndrome helicase 
helicase. The adenine base is s specifically selected by Q672 (Q motif) through bifurcated 
hydrogen bonds. (From Newman et al., 2015.  Reprinted with permission) 
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2. Hypothesis and Objectives 
2.1 Hypothesis 
We hypothesize that the Q motif in ChlR1 helicase is important for its helicase activity, 
thus the Q motif may affect ChlR1’s cellular functions. 
 
2.2 Objectives:  
1) To characterize the catalytic activities of the ChlR1 Q motif mutant of.  I will examine 
the proteins’ enzymatic activities, including ATP binding and hydrolysis, DNA binding, 
protein displacement, and helicase activity; 
2) To determine the role of the Q motif in the oligomerization state of ChlR1 protein; 
3) To detect the structure differences between ChlR1-WT protein and the Q motif mutant 
protein; 
4) To examine the cellular function of the Q motif in ChlR1 helicase. 
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3. Experimental Procedures 
3.1 Plasmid DNA and Mutagenesis 
The human ChlR1 cDNA was subjected to PCR amplification using primers 
ChlR1-F-HindIII and ChlR1-R-XhoI (Table 1).  The PCR product, which includes a 3× 
FLAG tag at the C-terminus, was cloned into the HindIII and XhoI sites of pcDNA3 
(Invitrogen).  The Q23A and K50R mutations were generated by a QuikChange 
site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions using 
the designed mutagenic primers shown in Table 1.  For bacterial overexpression, the 
human ChlR1 gene was cloned into the NdeI and XhoI sites of pET28a vector (Novagen).  
All plasmids were sequenced to verify that no undesired mutations were introduced during 
PCR and cloning.  The reagents, names, and addresses of suppliers that were used in the 
experiments are listed in Table 2. 
 
3.2 DNA Substrates 
PAGE-purified oligonucleotides used for the preparation of DNA substrates, DC26 and 
TSTEM25, were purchased from IDT (Table 1).  The duplex, triplex and G-quadruplex 
substrates were 5’ 32P-end-labeled and prepared as described previously (Wu et al., 2008).  
For the triplex DNA substrate, the plasmid pSupF5 contains a duplex sequence that serves 
as a target for TC30 (Brosh, Jr. et al., 2001).  Cleavage of the plasmid with NdeI released 
fragments of 4 and 0.6 kb.  The triplex site lies 1800 bases from one end of the large 
fragment.  Triplexes were prepared by incubation of 3 pmol of 32P-labeled TC30 
oligonucleotide (Table 1) overnight at room temperature with 6 pmol of NdeI-cleaved 
plasmid in a buffer containing 33 mM Tris acetate (pH 5.5), 66 mM KOAc, 100 mM NaCl, 
10 mM MgCl2, and 0.1 mM spermine.  The complexes were then separated from unbound 
oligonucleotide by SEC using Bio-Gel A-5M resin (Bio-Rad).  The 30-mer flush triplex 
substrates were prepared by incubation of the TC30 oligonucleotide with the previously 
annealed 30-bp duplex (TC30W and TC30C) under the annealing conditions. 
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3.3 The Expression and Purification of ChlR1 Recombinant Protein 
The PEI transfection system (Boussif et al., 1995) was used to transfect ChlR1 plasmid 
DNA into HEK293T cells, which were maintained in complete DMEM (Cat# 12-604F, 
Lonza) containing 10% fetal bovine serum (Cat# F1051, Sigma) and 50 µg/ml penicillin 
streptomycin (Cat# P4333, Sigma).  The recombinant ChlR1 proteins were purified with a 
protocol described by Wu et al., (2012a) with modifications.  Briefly, cell pellets were 
resuspended in buffer A (10 mM Tris HCl (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM 
DTT, 0.5 mM PMSF, protease inhibitors).  Cell suspension was lysised by sonication in 
the presence of protease inhibitors (Roche Applied Science) at 4°C, 10 short burst of 10 sec 
followed by intervals of 30 sec for cooling.  The lysised cells were centrifuged at 43,500 g 
for 30 min at 4°C.  The supernatant was incubated with FLAG antibody resin (Cat# F2426, 
Sigma) for 2 h at 4°C.  The resin was washed twice with buffer B (20 mM Tris HCl (pH 
7.4), 500 mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 1.5 mM MgCl2, 0.2 mM EDTA).  
The ChlR1 protein was eluted with 4 µg/ml 3 x FLAG peptide (Cat# F4799, Sigma) in 
buffer C (25 mM Tris HCl (pH 7.4), 100 mM NaCl, 10% glycerol, 0.1% Tween 20, 5 mM 
Tris (2-carboxyethyl) phosphine hydrochloride) (Sigma) for 1 h.  Aliquots were frozen in 
liquid nitrogen and stored at -80°C.  The concentrations of ChlR1 proteins were 
determined by Bradford (Bio-Rad) using bovine serum albumin (BSA) as a standard. 
To express and purify the ChlR1 protein in bacteria, the human ChlR1 gene was cloned 
into pET28a vector.  Briefly, E. coli Rosetta 2 cells harboring the recombinant gene were 
grown at 37°C in LB medium containing 30 μg/mL kanamycin and 34 μg/mL of 
chloramphenicol until the A600 reached 0.6, induced by 1 mM IPTG at 16°C overnight and 
then the cells were harvested by centrifugation at 5,000 g for 10 min at 4°C; they were 
stored at -80°C until used.  The cells were broken by sonication in buffer D (25 mM Tris 
pH 8.0, 0.15 M NaCl, 100 µM Tween 20 and 10% glycerol) with protease inhibitor (Roche 
Applied Science) and 1 mM phenylmethylsulfonyl fluoride (PMSF).  The cell debris and 
inclusion bodies were removed by centrifugation at 45,000 g for 30 min at 4°C.  The 
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supernatant was applied to Ni-NTA beads equilibrated with buffer A; washed with 10 
column volume (CV) of wash buffer E (25 mM Tris pH 8.0, 0.5 M NaCl, 100 µM Tween 20 
and 10% glycerol) containing 25 mM imidazole and eluted with 5 CV of elution buffer E 
containing 250 mM imidazole.  The protein fractions were confirmed with SDS-PAGE; 
fractions with high protein yield were pooled and subjected to size-exclusion 
chromatography on a Sephacryl S-300 HR 16/60 (GE Healthcare) equilibrated with buffer 
D containing 0.1% β-mercaptoethanol.  The fractions were collected at a flow rate of 0.5 
mL/min with the same buffer.  The protein was confirmed with SDS-PAGE and the 
fractions in the peak were pooled and concentrated.   
 
3.4 Western Blot 
Twenty micrograms of protein were denatured at 100°C for 5 min, then resolved on 10% 
polyacrylamide Tris-glycine SDS gels, and transferred to PVDF membranes.  The 
membrane was blocked in PBS containing 5% powdered milk at room temperature for 1h, 
followed by probing with ChlR1 antibody, rabbit monoclonal anti-ChlR1 (1:2000, cat# 
H00001663-K, Abnova), or Flag antibody (1:5000, cat# A8592, Sigma), respectively.  
Goat anti-rabbit or goat anti-mouse IgG-horseradish peroxidase conjugate (cat# sc-2004, 
Santa Cruz Biotech) were used as secondary antibody at a 1:10,000 dilution and detected 
using ECL Plus (GE Healthcare). 
 
3.5 Helicase Assay  
The helicase assay reaction mixtures (20 µL) contained 40 mM Tris HCl (pH 7.4), 25 mM 
KCl, 5 mM MgCl2, 2 mM dithiothreitol, 2% glycerol, 100 ng/µL bovine serum albumin, 2 
mM ATP, 10 fmol of duplex DNA substrate, and the indicated concentrations of ChlR1.  
Helicase reactions were initiated by the addition of ChlR1 and incubated at 37°C for 30 min.  
Helicase reactions were terminated by addition of Stop buffer containing EDTA.  Reaction 
products were resolved on nondenaturing 12% (19:1 acrylamide/bisacrylamide) 
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polyacrylamide gels for the forked duplex substrates as described previously (Wu et al., 
2012a).  Reactions were quenched with the addition of 20 μl of 2× stop buffer (17.5 mm 
EDTA, 0.3% SDS, 12.5% glycerol, 0.02% bromphenol blue, 0.02% xylene cyanol).  For 
standard duplex DNA substrates, a 10-fold excess of unlabeled oligonucleotide with the 
same sequence as the labeled strand was included in the quench to prevent reannealing.  
Products of G4 unwinding reactions were resolved on 8% (19:1 acrylamide:bisacrylamide) 
polyacrylamide gels with 10 mm KCl in the gel and the running buffer.  Radiolabeled 
DNA species in polyacrylamide gels were visualized using a PhosphorImager and 
quantitated using Quantity One software (Bio-Rad). 
 
3.6 Electrophoretic Mobility Shift Assay (EMSA) 
Protein/DNA binding mixtures (20 µL) contained the indicated concentrations of ChlR1 and 
10 fmol of the specified 32P-end-labeled DNA substrate in the same reaction buffer as that 
used for helicase assays (see above) without ATP.  The binding mixtures were incubated at 
room temperature for 30 min after the addition of ChlR1.  After incubation, 3 µL of 
loading dye (74% glycerol, 0.01% xylene cyanol, 0.01% bromphenol blue) was added to 
each mixture, and samples were loaded onto native 5% (19:1 acrylamide/bisacrylamide) 
polyacrylamide gels and electrophoresed at 200 V for 2 h at 4°C using 1×TBE as the 
running buffer.  The resolved radiolabeled species were visualized using a PhosphorImager 
and analyzed with Quantity One software (Bio-Rad). 
 
3.7 ATP Hydrolysis Assays  
ATP hydrolysis was measured using [γ-32P]ATP (PerkinElmer) and analysed by thin-layer 
chromatography (TLC) on polyethyleneimine-cellulose plates (J.T. Baker).The standard 
reaction mixture (20 μL total volume) contained 25 mM Hepes-NaOH (pH 7.5), 25 mM 
potassium acetate, 1 mM magnesium acetate, 1 mM DTT, 100 μg/ml bovine serum albumin, 
250 μM [γ-32P] ATP, 60 nM ChlR1 protein, and was incubated at 37°C.  Reactions were 
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quenched with 50 mM EDTA final concentration.  The reaction mixture was spotted onto a 
PEI-cellulose TLC plate and resolved by using 0.5 M LiCl, 1 M formic acid as the carrier 
solvent.  The TLC plate was exposed to a phosphorimager cassette for 1 h and visualized 
using a Phosphor-Imager and analyzed with Quantity One software (Bio-Rad). 
For experiments to determine KM (ATP), the concentration of M13mp18 ssDNA was 
2.1 nM, the concentration of ATP ranged from 31 to 4000 μM, and the reaction was 
incubated for 30 min.  For determination of Kcat, the concentration of ATP was 8.5 mM.  
5 μL aliquots were removed and quenched with 5 μL of 0.1 M EDTA at 0, 7.5, 15, 30, 45 
min, respectively.  The kinetic parameters were calculated by Enzyme Kinetics 1.3 
(SigmaPlot, Systat Software Inc) using the Michaelis-Menton equation.  All experiments 
were repeated at least three times. 
 
3.8 ATP Binding Assay Using Chromatography 
The ATP binding assay (30 µL) was performed in the same reaction buffer for the helicase 
or ATPase assay described above with 5 µCi [α-32P] ATP (3000 Ci/mmol, PerkinElmer).  
Assays were initiated by adding ChlR1 protein to a final concentration of 230 nM, followed 
by incubating at 4°C for 30 min.  Reactions were then applied to Bio-Spin P30 Tris 
chromatography columns (Bio-Rad), which had been pre-equilibrated in a reaction buffer.  
One drop (~45 µL) fractions were collected as flow-through under gravity with TE.  The 
specific radio activity of each fraction was determined by a liquid scintillation counter 
(Beckman LS 6000TA).  The first peak (3-4 drops) was considered as protein-bound ATP, 
and the second peak as unbound ATP. 
 
3.9 ATP Binding Assay Using Agarose Beads  
An ATP AffiPur kit was obtained from Jena Bioscience (Cat# AK-102, Jena) containing four 
types of ATP-agarose: [a] Aminophenyl-ATP-Agarose, [b] 
8-[(6-Amino)hexyl]-amino-ATP-agarose, [c] N6-(6-Animo)hexyl-ATP-agarose and [d] 
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2'/3'-EDA-ATP-Agarose. 
ATP assays were performed according to the manufacturer’s protocol.  100 µg of 
purified protein was incubated with 50 µL of each ATP-agarose beads suspension for 2 h at 
4°C.  The resulting beads were washed 3 times with 500 µL of wash buffer each time, and 
bound protein was eluted by adding SDS–PAGE sample buffer and heating for 10 min at 
98°C.  The supernatants were subjected to Western blot analysis using anti-FLAG antibody 
(Sigma). 
 
3.10 Size Exclusion Chromatography  
Purified recombinant ChlR1 protein was applied to a Sephacryl S-300 HR size exclusion 
column (GE Healthcare) using an AKTApure system (GE Healthcare) that was 
pre-equilibrated with 25 mM Tris·HCl (pH 7.5), 10% glycerol, 0.15 M NaCl, 1 mM EDTA, 
and 0.5 mM DTT.  The protein was eluted with same buffer at a rate of 0.1 ml/min, and 
0.5-ml fractions were collected.  Proteins were detected using a UV detector.  The column 
was calibrated using standard molecular mass markers: thyroglobulin (669 kDa), apoferritin 
(443 kDa), beta amylase (200 kDa), alcohol dehydrogenase (150 kDa), and albumin (66 
kDa, all from Sigma). 
 
3.11 Thermal Stability Shift Assay (TSA) 
All reactions were incubated in a 30 µL final volume and assayed in 96-well plates using 20 
x SYPRO Orange (cat# S-6651, Invitrogen) and 1 µM purified ChlR1 protein.  Protein 
elution buffer was added instead of protein in the control samples.  The plates were sealed 
with Optical-Quality Sealing Tape (Bio-Rad).  Thermal melting experiments were carried 
out using a StepOnePlus Real-Time PCR System (Applied Biosystems) melt curve program 
with a ramp rate of 1°C and temperature range of 25°C to 60°C.  Melting temperature (Tm) 
is defined as the midpoint of temperature of the protein-unfolding transition.  Tm was 
calculated by fitting the sigmoidal melt curve to the Boltzmann equation, with R2 values 
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of >0.99. 
 
3.12 Proteolysis Mapping 
An equal amount of ChlR1-WT or ChlR1-Q23A protein (300 nM) was used in digestion 
reactions (20 μL), and incubated at room temperature for 3 min with a range of trypsin 
concentrations (0-200 nM, Sigma).  Reactions were stopped by the addition of 10 μL of 
SDS–PAGE gel loading buffer, and electrophoresised on a 10% SDS–PAGE followed by 
Western blotting using an anti-FLAG antibody (Sigma). 
 
3.13 Steady-state Fluorescence Depolarization 
Steady state fluorescence depolarization (rotational anisotropy) was used to measure 
enzyme-DNA binding affinities using the same fluorescence labeled forked dsDNA 
substrates (Table 1) that were used for helicase assays.  Measurements were performed in 
a quartz cuvette of 1 cm path length.  Reactions were 70 µL and contained 
fluorescence-labeled forked dsDNA (10 nM) in binding assays buffer and ChlR1-WT 
(0-1900 nM) and ChlR1-Q23A (0-2300 nM) were titrated into the reaction.  A 
QuantaMaster QM-4 spectrofluorometer (Photon Technology International, NJ, USA) with 
a dual emission channel was used to collect data and calculate anisotropy.  Measurements 
were made at 21°C.  Samples were excited with vertically polarized light at 495 nm (6 nm 
band pass) and vertical and horizontal emissions were measured at 520 nm (6 nm band 
pass).  Apparent dissociation constants (kd) were obtained by fitting to a sigmoidal curve 
using Sigma Plot 11.2 software.  The fluorescence anisotropy was calculated by the 
following equation, r is the observed anisotropy, I|| and I⊥ stand for the intensity of the 
fluorescence polarized parallel and perpendicular to the excitation beam, respectively. 
 
 26 
 
4. Results 
4.1 Site Directed Mutagenesis of Glutamine to Alanine in the Q Motif of 
ChlR1 
To understand the roles of the Q motif present in the ChlR1 helicase, the conserved 
glutamine was changed to alanine by QuikChange site-directed mutagenesis kit according 
to the manufacturer’s instructions (Stratagene) using appropriate primers (Table 1) for the 
vector of pcDNA3.  The ChlR1-Q23A mutation and construct were confirmed by direct 
DNA sequencing using the purified plasmid.  Sequencing results confirmed that the 
invariant glutamine (CAG) had successfully changed to alanine (GCG) (Fig.4.1). 
 
Fig. 4.1 The QA point mutation is confirmed by sequenceing.  The change of glutamine 
(Q) to alanine (A) in ChlR1 gene was confirmed by sequencing. 
 
4.2 Protein Overexpression and Purification 
To determine the functions of the Q motif in ChlR1 protein, HEK 293T cells were 
transfected with ChlR1-WT and ChlR1-Q23A plasmid DNA separately using PEI.  The 
recombinant ChlR1 proteins were purified using anti-FLAG affinity chromatography to 
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near homogeneity as judged by their appearance as single bands after electrophoresis on 
Coomassie-stained SDS-polyacrylamide gel (Fig. 4.2A).  A Western blot assays were 
performed to confirm that the purified proteins were indeed ChlR1 using anti-FLAG 
antibody (Fig. 4.2B) and anti-ChlR1 antibody (Fig. 4.2C).  Protein degradation bands can 
be observed at 75 kDa region, and the Q23A protein is more unstable compared to wild-type 
protein.  We also purified an ATPase dead mutant ChlR1-K50R protein (data not shown) in 
which the invariant lysine residue was replaced with arginine (Guo et al., 2015). 
 
 
Fig. 4.2 Purification and identification of ChlR1 proteins.  (A) ChlR1 proteins were 
purified and electrophoresed on Coomassie-stained SDS-polyacrylamide gel.  (B and C) 
Western-blot analysis of the purified proteins with anti-FLAG antibody (B) and anti ChlR1 
antibody (C) respectively. 
 
4.3 The ChlR1-Q23A Protein Abolishes Helicase Activity 
Although ChlR1 plays a role in the establishment of sister chromatid cohesion during 
replication, it is not well understood how the helicase functions in this capacity.  Using a 
forked duplex DNA substrate that we know ChlR1-WT can efficiently unwind (Wu et al., 
2012a), we tested the helicase activity of ChlR1-Q23A.  Helicase assays revealed that 
changing the invariant glutamine of the Q motif in ChlR1 into alanine abolished its helicase 
activity on forked duplex DNA (Fig. 4.3A and 4.3B).  We also increased the incubation 
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time (60 min), ATP concentration (10 mM),and protein concentration (to 12 nM), but failed 
to detect any unwinding activity for ChlR1-Q23A (data not shown).  The ATPase dead 
mutant ChlR1-K50R protein also failed to unwind the forked duplex DNA (Fig. 4.3C). 
 
 
 
Fig. 4.3 Helicase analysis of the ChlR1-WT, Q23A and K50R.  Helicase reactions were 
performed by incubating with indicated protein ChlR1-WT (A), ChlR1-Q23A (B), and 
ChlR1-K50R (C) concentration with 0.5 nM fork duplex DNA substrate at 37°C for 30 min.  
Helicase reactions were terminated by addition of Stop buffer containing EDTA.  Reaction 
products were resolved on nondenaturing 12% (19:1 acrylamide/bisacrylamide) 
polyacrylamide gels and electrophoresed at 180 V for 2 h at room temperature using 1× 
TBE as the Running buffer.  The filled triangle stands for heat-denatured DNA substrate 
control. 
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Alternate DNA structures such as G-quadruplex (G4) DNA that may impede the 
replication fork are proposed to form in G-rich regions that are quite abundant in the human 
genome (Maizels, 2006).  To test this observation, ChlR1-Q23A was evaluated for the 
unwinding activity on a well characterized four-stranded parallel G4 substrate (TP-G4) and 
antiparallel G4 structure (OX-1 G2’) that have been used before (Wu et al., 2008).  
Helicase assays on these two substrates showed ChlR1 had a strong preference for a 
two-stranded antiparallel G4 substrate (G2’) (Fig. 4.4A), and was only marginally active on 
a four-stranded parallel G4 structure (Fig. 4.4B).  Nevertheless, ChlR1-Q23A was inactive 
on both substrates. 
Taken together, these results demonstrated that the Q motif in ChlR1 helicase is 
essential not only for forked duplex DNA binding, but also for two-stranded antiparallel G4 
DNA binding. 
 
Fig. 4.4 Helicase analysis of ChlR1-WT and Q23A on G-quadruplex substrates.  
Representative image of the unwinding reaction on OX-1 G2’ substrate (A) and TP-G4 
substrate (B) with increasing protein concentration.  Mobility of G4 DNA and 
single-stranded DNAs are indicated by the cartoons on the left.  Triangle, heat-denatured 
DNA substrate control, form a weak band at the bottom of the gel. 
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4.4 The ChlR1-Q23A Protein Has Poor DNA Binding Ability 
4.4.1 Electrophoretic Mobility Shift Assay (EMSA) 
The ChlR1-Q23A mutant protein with no helicase activity might reflect an impaired DNA 
binding activity.  To test this assumption, gel mobility shift assays were performed with 
ChlR1-WT and ChlR1-Q23A using the same radiolabeled DNA substrates that were used in 
the helicase assay.  Results demonstrated that ChlR1-WT bound the DNA molecules in a 
protein concentration-dependent manner while ChlR1-Q23A protein’s DNA binding ability 
was abolished (Fig. 4.5A).  When the protein concentration was increased eight fold (96 
nM), ChlR1-Q23A could bind weakly with the substrate (Fig. 4.5B).  To address whether a 
conformal change induced by ATP binding would affect its nucleic acid binding, ChlR1-WT 
was incubated with AMP-PNP, a non-hydrolysable ATP analog, then with forked DNA 
substrate, and found its DNA binding activity was reduced (Fig. 4.5C).  Thus, we 
concluded that the Q mutation affects ChlR1 proteins’ fork duplex DNA binding ability. 
To verify whether the loss of ChlR1-Q23A protein’s G4 substrates unwinding ability is 
also due to the poor DNA binding ability, ChlR1-WT and Q23A protein’s binding ability 
was also evaluated on TP-G4 and OX1-G2 substrates.  EMSA results revealed that 
ChlR1-WT bound TP-G4 structure in a concentration dependent manner, but significantly 
less DNA binding activity was observed for ChlR1-Q23A (Fig. 4.6A).  Similar results 
were observed on OX1-G2’ substrate where the WT bound the substrate while the mutant 
bound poorly (Fig. 4.6B). 
 
4.4.2 Steady-state Fluorescence Depolarization 
Since the ChlR1-Q23A mutant protein has poor DNA binding ability with electrophoretic 
mobility shift assays, an alternative method, fluorescence rotational anisotropy was 
performed to determine the kd value.  Using the same forked duplex substrate (Table 1) 
that was used for EMSA, DNA was labeled with fluorescein, and a constant amount of 
DNA was incubated with increasing concentrations of protein (Fig.4.7).   
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Fig. 4.5 Electrophoretic mobility shift assay of ChlR1 proteins with fork duplex DNA.  
The indicated concentrations of ChlR1 proteins (A, 0-12 nM; B, 0-96 nM) were incubated 
with 0.5 nM forked duplex DNA substrate at room temperature for 30 min under standard 
gel shift assay conditions. The DNA-protein complexes were resolved on native 5% 
polyacrylamide gels and electrophoresed at 200 V for 2 h at 4℃.  (C) Gel shift assay was 
performed without (left) or with 2 mM AMP-PNP (right), all other procedures were the 
same. 
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Fig. 4.6 Electrophoretic mobility shift assay of ChlR1 proteins with G4 substrates.  
Indicated concentrations of ChlR1 proteins were incubated with TP-G4 substrate (A) and 
OX1-G2’ substrate (B) in the absence of ATP.  The binding mixtures were incubated at 
room temperature for 30 min, then resolved on native 5% polyacrylamide gels.  Mobility 
of the DNA and the DNA-protein complex are indicated on the left and right. 
 
The apparent kd for ChlR1-Q23A was 1000 nM, which is 2-fold higher than the kd of 
ChlR1-WT (520 nM).  Additionally, we performed filter binding assays (data not shown) 
of ChlR1 proteins with DNA and again determined the kd values for WT of 105.5 nM, and 
for Q23A of 397.9 nM, further implicating that Q23A mutant has a reduced affinity for 
DNA. We also quantified the EMSA results, the kd value for ChlR1-WT is 329 nM, but the 
kd value for Q23A protein is too large to calculate.  The DNA substrate concentration used 
in each experiment is different, which may cause protein-DNA binding affinity varies.  
Also the incubation time for EMSA assay is 30 mins, but for rotational anisotropy assay is 
only 1 min, so the kd values for these experiments are not comparable. 
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When using same amount of fluorescence DNA substrate, the fluorescence rotational 
anisotropy curve usually will reach the same place after the binding is saturated, but the 
curves didn’t saturate at the same anisotropy value in this experiment.  There is possibility 
that more than one protein can load on a single DNA substrate and the loaded protein will 
change confirmation which maybe facilitate other protein’s DNA loading process.  If the 
assumption is real, when compared with ChlR1-Q23A protein, the ChlR1-WT protein can 
bind DNA substrate tighter and recruit more protein to load on it.  Thus even at saturated 
protein concentration, Q23A mutant cannot load as many protein as ChlR1-WT helicase, 
then DNA/WT protein complex will be much heavier than DNA/Q23A protein complex.   
Therefore, even at saturated protein concentration, the DNA/WT complex will rotate much 
slower than the DNA/Q23A complex, and the anisotropy curves won’t reach the same place. 
Fig. 4.7 Rotational anisotropy assays of ChlR1 proteins with forked duplex DNA.  
ChlR1-WT (0-1900 nM) and ChlR1-Q23A (0-2300 nM) were titrated into fluorescence 
-labeled forked dsDNA (10 nM) in binding buffer separately.  Samples were excited with 
vertically polarized light at 495 nm and vertical and horizontal emissions were measured at 
520 nm. 
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Taken together, these results demonstrated that the Q motif in ChlR1 helicase is 
essential for DNA binding, including forked duplex DNA and G4 DNA.  These results also 
indicated that the loss of  helicase activity of ChlR1-Q23A might be due to the poor 
binding ability between DNA and the helicase. 
 
4.5 The ChlR1-Q23A is Impaired for ATP Hydrolysis but Retains ATP 
Binding Ability 
4.5.1 ChlR1-Q23A Has Impaired ATP Hydrolysis 
Usually, helicases can hydrolyze ATP in a DNA or RNA dependent manner to provide 
energy for unwinding activity.  Thus the DNA-dependent ATPase activity of ChlR1-Q23A 
was compared with ChlR1-WT.  Using covalently closed M13 single strand DNA as the 
effector molecule, the KM value of ATP hydrolysis for ChlR1-WT was determined as 329.6 
μM.  Because of the very low ATPase activity, ChlR1-Q23A’s KM values could not be 
determined (Fig. 4.8A).  Using an ATP concentration (8.5 mM) that was ∼25-fold greater 
than the KM for ChlR1-WT, ATPase activity was measured for ChlR1-WT and ChlR1-Q23A, 
and the Kcat values for these two proteins were 1026 and 61 s-1 respectively (Fig. 4.8B).  
These results suggest that the ChlR1-Q23A mutant seriously compromises the ability of 
ChlR1 to hydrolyze ATP in a DNA-dependent manner. 
 
4.5.2 The Conserved Q motif is not Important for ATP Binding 
Next, we asked whether ChlR1-Q23A was able to bind ATP.  To compare ATP binding by 
ChlR1-Q23A with ChlR1-WT, an equal amount of ChlR1-Q23A or ChlR1-WT protein was 
incubated with [α-32P] ATP under identical conditions, and binding mixtures were analyzed 
by gel filtration chromatography (Fig. 4.8C).  Scintillation counting of the eluted fractions 
demonstrated that ChlR1-Q23A bound ATP with similar affinity as ChlR1-WT.  One pmol 
of ChlR1-WT bound 11.6 fmol ATP, while ChlR1-Q23A bound 10.1 fmol ATP (Fig. 4.8D). 
Using [α-32P] ATP followed by gel filtration chromatography, we found that the  
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Fig. 4.8 ATP hydrolysis and binding analysis of ChlR1 proteins.  (A) A Representative 
TLC plate showing ATP hydrolysis activity of WT and mutant.  (B) The ATPase activity of 
WT and mutant Q23A was assayed as described in “Experimental Procedures” and is 
plotted as a function of time.  (C) The flow chart of ATP binding experimental procedure.  
(D) Result of ATP binding assay.  BSA serves as a negative control.  Data represent the 
mean of at least 3 independent experiments, with SD indicated by error bars. 
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ChlR1-Q23A mutant protein can bind ATP with similar affinity as ChlR1-WT.  In order to 
verify this result, an ATP AffiPur kit was used to test the mutant protein’s ATP binding 
ability.  This kit contains four types of ATP-agarose: Aminophenyl-ATP-agarose, 
8-[(6-Amino) hexyl]-amino-ATP-agarose, N6-(6-Animo) hexyl-ATP-agarose, and 
2′/3′-EDA-ATP-agarose.  After screening the binding affinity of these four beads, 
Aminophenyl-ATP-agarose and N6-(6-Animo) hexyl-ATP-agarose were found to be better 
than the other two at binding ChlR1 protein, thus these two were used in the following 
experiments.  The same amount of ChlR1-WT or Q23A proteins were incubated with 
ATP-agarose beads.  It revealed that similar amounts of WT and Q23A proteins were 
retained on the ATP beads as were detected by Western blot (Fig. 4.9). 
From these results, we concluded that ChlR1-Q23A bound ATP similar to ChlR1-WT 
but did not efficiently hydrolyze the nucleotide in the presence of a DNA effector. 
 
Fig. 4.9 Western blot of ChlR1 proteins retained by ATP-agarose.  ATP binding by 
ChlR1 proteins was determined by AffiPur kit (Jena Bioscience) as described under 
“Experimental Procedures”, followed by Western blot with an anti-FLAG antibody. 0.1% of 
input protein was loaded on gel as controls. 
150
100
75  
250
kDa
W
T
Q
2
3
A
W
T
Q
2
3
A
 37 
 
4.6 The ChlR1-Q23A Mutation Abolishes Translocase Activity 
DNA triplex displacement experiments have been utilized to monitor the translocase 
activity of helicases, such as AddAB, FANCM, and PICH (Gilhooly and Dillingham, 2014; 
Meetei et al., 2005; McClelland et al., 2005; Biebricher et al., 2013).  In this assay, a triple 
helix is formed in which each nucleotide of the third strand forms Hoogsteen base pairs 
with Watson-Crick base pairs of the duplex.  When the translocase proceeds through the 
triplex, it displaces the third strand.  We found that wild-type ChlR1, but not the Q23A 
mutant, exhibited triple-helix displacement activity (Fig. 4.10A and B).  Under the same 
reaction conditions, ChlR1-WT was also able to translocate along a short triplex structure 
(named flush triplex) which was constructed by annealing the same pyrimidine motif third 
strand (TC30) to a 30 bp duplex fragment, but the mutant ChlR1-Q23A failed (Fig. 4.10C 
and D).  Together, these results suggest that ChlR1 can dissociate DNA triplex; however, 
the Q23A mutant has no translocase activity. 
 
Fig. 4.10 ChlR1-Q23A fails to translocate on DNA triple helixes.  Translocase activity 
reactions (20 μl) were performed by incubating the indicated ChlR1-WT (A and C) or 
ChlR1-Q23A (B and D) concentrations with 0.5 nM 5’ tail plasmid-triplex substrate (A and 
B) or 5’ tail flush triplex substrate (C and D) at 37 °C for 20 min under standard helicase 
assay conditions as described under “Experimental Procedures”.  Triangle is 
heat-denatured DNA substrate control. 
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4.7 The ChlR1-Q23A Has Similar Globular Structure with ChlR1-WT 
4.7.1 The ChlR1-Q23A Has a Similar Melting Point (Tm) Value as ChlR1-WT 
Thermal shift assays are widely used to measures the thermal stability of a target protein 
(Cavlar et al., 2013; Sainsbury et al., 2011; Hajer et al., 2014), which indirectly reflects 
protein folding.  To rule out artifacts due to misfolding or instability of ChlR1-Q23A, 
thermal shift assays were performed for the purified recombinant ChlR1 proteins.  In the 
temperature range of 25°C to 60°C, it has been found that ChlR1-Q23A protein exhibited a 
similar transition curve as the wild-type protein (Fig. 4.11A).  The melting curve showed 
that the midpoint value (Tm) for ChlR1-WT and ChlR1-Q23A were both at 43.9°C (Fig. 
4.11B), suggesting that ChlR1-Q23A protein’s globular structure is similar to ChlR1-WT. 
 
 
Fig. 4.11 Thermal stability assays of ChlR1 proteins.  (A) Unfolding curves of 
ChlR1-WT and ChlR1-Q23A under temperature range of 25-60°C.  (B) Derivative 
fluorescence melt curves that generated by StepOne Software v2.1. 
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proteins (Trkulja et al., 2014; Lamberti et al., 2005)  The flexible sites and the unfolded 
polypeptide can be probed by proteolytic enzymes (Fontana et al., 2004).  In order to gain 
insight into the subtle conformational changes that may be caused by the Q23A mutant, 
partial proteolysis mapping was used to probe the physical architecture of ChlR1 proteins.  
With an increasing concentration of trypsin, both ChlR1-WT and Q23A yielded some stable 
fragments around 75, 50 and 13 kDa, but ChlR1-Q23A yielded fragments around 37 kDa 
that were not present in the wild type ChlR1 protein (Fig. 4.12).  These results suggested 
that even though ChlR1-WT and ChlR1-Q23A have similar globular structure; there is still 
some subtle conformational difference between these two proteins, which may be caused by 
the Q23 residue substitution. 
 
Fig. 4.12 Representative image of partial proteolysis mapping of ChlR1 proteins.  
ChlR1 proteins (WT and Q23A, 100 nM each) were digested with increasing concentration 
of trypsin, protein fragments were separated on SDS–PAGE, followed by Western blot 
analysis using an anti-FLAG antibody. 
 
4.8 The ChlR1 Protein Exists as a Monomer in Solution 
Many helicases self-assemble to form dimers or higher order oligomers that can influence 
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their catalytic or biological functions (Singleton et al., 2007; Lohman and Bjornson, 1996).  
Oligomerization is an important property of SF1 and SF2 helicases (Patel and Donmez, 
2006).  N- and C-terminal domains can influence or even define the function of a helicase 
through promoting oligomerization (Klostermeier and Rudolph, 2009).  For example, SF2 
helicase FANCJ functions as a dimer in solution and the Q motif in FANCJ regulates 
dimerization (Wu et al., 2012b).  To determine whether the Q motif might affect 
oligomerization of ChlR1, wild-type ChlR1 protein was analyzed by size exclusion 
chromatography.  The purified ChlR1-WT protein (Fig. 4.13A) was applied on a Sephacryl 
S-300 HR column, and a major peak was detected at an elution volume of ~65 mL (Fig. 
4.13B).  Using protein standards, a calibration curve was generated as shown in Fig. 
4.13C. 
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Fig. 4.13 ChlR1 protein oligomerization state determination.  (A) Coomassie blue 
stained SDS-PAGE gel showing the ChlR1 protein.  (B) Chromatographic profiles of 
ChlR1 protein.  (C) Chromatographic profiles of standard proteins on a HiPrep 16/60 
Sephacryl S-300 HR column.  The equation of protein molecular mass was showed in right 
up corner.  (D) Fourteen fractions were picked from the peak area and analyzed by 10% 
SDS-PAGE, followed by Coomassie Blue staining.  (E) The fractions in D were 
immunoblotted with an anti-FLAG antibody.  (F) Fractions No.4 and No.5 were subjected 
to helicase assay with a fork duplex DNA.  Before gel filtration (GF) was used a positive 
control.  Filled triangle, heated denature samples. 
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According to the calibration curve, the molecular weight of this peak was determined as 140 
kDa, which is close to ChlR1’s expected mass (110 kDa).  The fractions from the peak 
region on SDS-PAGE (Fig. 4.13D) and Western-blot assays with anti-ChlR1 antibody (Fig. 
4.13E), demonstrated that the absorption peak was contributed by ChlR1 protein.  The 
fraction #4 and #5 used in SDS-PAGE were further analyzed for helicase activity (Fig. 
4.13F).  The ChlR1 protein collected before SEC exhibited higher unwinding activity than 
fraction #4 and #5 that were collected after SEC, which might be due to the over-night size 
exclusion chromatography procedure that reduced the protein’s helicase activity. 
 
4.9 Expression and Purification of ChlR1 Protein from Bacteria 
For ChlR1 protein production, the expression level is limited in human cells and the cost is 
high.  In order to obtain a larger amount of protein at low cost, we attempted to 
overexpress and purify ChlR1 protein from E. coli.  To this end, ChlR1 gene was cloned 
into a pET28a vector, and protein production was induced by IPTG in 1L E. coli.  The 
soluble extract of His-tagged ChlR1 protein was first purified by Ni-NTA column 
chromatography.  SDS-PAGE analysis of purified protein showed that fractions 4 and 5 
had the highest protein concentration (Fig. 4.14A).  Thus, fractions 4 and 5 were loaded on 
a HiPrep 16/60 Sephacryl S-300 HR column, and SEC revealed that the ChlR1 protein 
eluted as two major peaks (Fig. 4.14B).  The first peak corresponded to a higher 
oligomerization state with an estimated size of 470 kDa, while the second peak 
corresponded to 119 kDa, suggesting that ChlR1 protein purified from bacteria can form 
tetramers and monomers in solution, but the ChlR1 protein expressed in human cells can 
only form monomer.  Maybe due to the bacterial protein expression level is much higher 
than the human cell, so the protein has better oppotunities to form oligomers.  Four 
fractions from each peak were selected to conduct the helicase assay.  Interestingly we 
found that the ChlR1 tetramer has higher helicase activity than its monomer (Fig. 4.14C).  
We tried to purify the ChlR1-Q23A protein, but failed, because of protein aggregation.  
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Fig. 4.14 Characterization of ChlR1 protein purified from bacteria.  (A) SDS-PAGE 
analysis of ChlR1 protein purified from E. coli with Ni-NTA column.  (B) Gel 
chromatography profile of ChlR1 protein.  (C) Helicase assay of four fractions from two 
peaks in ChlR1 gel filtration profile (panel B).  NE, no enzyme; pos, ChlR1 protein 
purified from human cells, used as a positive control; filled triangle, heated sample. 
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5. Discussion 
In this study, we have discovered that the ChlR1-Q23A mutant abolished the helicase 
activity of ChlR1, and displayed reduced DNA binding ability.  The mutant showed 
impaired ATPase activity but displayed normal ATP binding.  A thermal shift assay 
revealed that ChlR1-Q23A has a similar melting point value as ChlR1-WT.  Partial 
proteolysis mapping demonstrated that ChlR1-WT and Q23A have similar globular 
structure; although there is some subtle conformational difference between these two 
proteins.  The ChlR1-Q23A mutation also abolished ChlR1’s translocase activity.  Taken 
together, we concluded that the Q motif is involved in DNA binding but not ATP binding in 
ChlR1 helicase. 
 
5.1 The Presence and Functions of the Q Motif 
The function of the Q motif has been shown to regulate ATP binding, ATP hydrolysis, and 
RNA binding.  Using malachite green in the colorimetric ATPase assays to measure free 
phosphate, Tanner et al. found that the Q motif mutant in eIF4A has reduced ATP hydrolysis 
activity (Tanner et al., 2003).  Howerve, they also crosslinked 32P-ATP with the protein to 
detect the ATP binding ability and found that the Q motif mutant protein has 3-fold higher 
ATP binding ability than the wild-type protein.  Nongkhlaw et al (2012) mutated the Q 
motif in SWI2/SNF2 protein SMARCAL1 and detected the ATP bydrolysis activity as well 
as ATP binding ability in the presence of DNA substrate.  Their results suggested that 
motif Q is just required for ATP hydrolysis but not for ATP binding (Nongkhlaw et al., 
2012).  By using EMSA assays, Cordin et al (2004) found that the Q motif mutation in 
DEAD-box RNA helicases could effect the RNA substrate binding ability (Cordin et al., 
2004).  Therefore, the functions of Q motif remain inconsistent.  We started biochemical 
characterization of ChlR1 and the results suggested that the Q motif in ChlR1 helicase has 
an essential role in DNA binding but not ATP binding. 
Motif Q is also called motif 0, indicating it is a part of the conserved helicase core 
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elements along with seven helicase motifs (I, Ia, II–VI).  In fact, experimental evidence 
had shown that the Q motif is in the minimal functional unit of the DEAD-box core 
(Banroques et al., 2011).  In our study, replacement of the conserved glutamine with an 
alanine affects DNA binding in addition to ATP hydrolysis of ChlR1.  However, compared 
with the other conserved seven helicase motifs, the Q motif is somewhat less conserved 
among SF2 helicases (Fairman-Williams et al., 2010).  This motif is absent in the 
DEAH/RHA and viral DExH proteins, and these enzymes are not specific for adenosine 
triphosphates.  For example, alanine-scanning mutagenesis has shown that motifs Q, Ia 
and Va are not essential for the endonuclease of EcoP15I (Mackeldanz et al., 2013).  
Therefore, evidence suggests that the motif Q is more essential for classical helicases, but 
less or not essential for other helicase domain-containing proteins. 
There are several potential roles for the Q motif.  First, the Q motif may be involved in 
ATP binding.  To be consistent with its initial findings by genetic and biochemical 
approaches (Tanner et al., 2003; Tanner, 2003), several crystal structures show that the Gln 
residue in Q motif interacts with ATP.  For example in SF2 UvrB helicase, the Gln residue 
is mainly interacting with the adenine base positioning it for catalysis (Theis et al., 1999).  
Similarly, the Gln residue of an E. coli RecQ helicase (Bernstein and Keck, 2003) or 
archaeal XPD (Liu et al., 2008; Fan et al., 2008) is also located in a RecA domain near the 
ATP binding cleft.  In a recent study, the Q motif residues L665, R669 and Q672 in 
Bloom's syndrome helicases are proved crucial for conferring nucleotide triphosphate 
specificity (Newman et al., 2015).  Second, the Q motif is involved in substrate binding.  
From our previous work on FANCJ (Wu et al., 2012b) and current work, the Q motif is 
involved in DNA binding.  In the crystal structure of XPD solved in the presence of a 
small fragment of bound DNA, the Q-motif stabilizes the P-loop via hydrogen bonding also 
suggesting a role in nucleotide binding and positioning (Kuper et al., 2012).  Third, the Q 
motif might be involved in both ATP and nucleic acid binding.  The study of Ded1 helicase 
demonstrates that the Q motif not only regulates ATP binding and hydrolysis but also 
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regulates the affinity of the protein for RNA substrates (Cordin et al., 2004).  To address 
whether conformal change by ATP binding will affect its nucleic acids binding, we 
incubated ChlR1-WT with AMP-PNP, then DNA substrate, and found its DNA binding 
activity was reduced (Fig. 4.5C).  Lastly, the Q motif might be involved in protein 
oligomerization.  It has been shown that the oligomerization of human RECQ1 is mediated 
by both an N-terminal domain (residues 1–103) that bears the conserved Gln residue (amino 
acid 96) and a C-terminal Winged helix domain (Lucic et al., 2011).  The co-crystal 
structure of archaeal Hel308 with a partial duplex DNA molecule placed the Q motif on the 
edge of RecA domain 1 near the cleft that is formed with RecA domain 2 (Buttner et al., 
2007). 
 
5.2 The Role of the Motif Q and Motif I in ATP Binding 
Motif I, also known as Walker A motif or the P-loop (phosphate-binding loop), is a motif in 
helicases that is associated with nucleotide phosphate group binding.  The most conserved 
sequence for motif I has the pattern of Gly-X4-Gly-Lys-(Thr/Ser), whereas the P-loop or 
glycine-rich loops function by binding the phosphate groups of ATP.  However, the role of 
motif I is not universally true.  In some helicases, such as UvrD and eIF4A, motif I has 
been shown to be important for both catalysis and ATP binding (Rozen et al., 1989; Pause 
and Sonenberg, 1992; Sinha et al., 2009).  In contrast, in other helicases, including yeast 
RAD3 and some SWI2/SNF2 helicase-like proteins, motif I has been primarily identified as 
being critical for catalysis, but not for ATP binding (Nongkhlaw et al., 2012; Sung et al., 
1988). 
For the Q motif, the crystal structures of several helicase and nucleotide complexes 
showed that the glutamine side chain directly binds the adenine base of the nucleotide via a 
bidentate hydrogen bond (Strohmeier et al., 2011).  The crystal structure of UAP56 
helicase indicated that the glutamine contacts the N6 and N7 positions of the adenine base 
of ATP (Fig. 5.1) (Cordin et al., 2004; Shi et al., 2004).  Further, changing the conserved 
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glutamine to alanine in Ded1 protein resulted in lowered catalytic efficiency as well as 
reduced affinity for ATP.  All evidence above demonstrated that the Q motif is responsible 
for ATP binding.  However, in FANCJ helicase the Q motif mutant FANCJ-Q25A displays 
impaired DNA binding ability but normal ATP binding (Wu et al., 2012b).  Also, the Q 
motif in SWI2/SNF2 protein is only responsible for ATP hydrolysis but not ATP binding 
(Nongkhlaw et al., 2012). But Nongkhlaw et al. used a truncated Active DNA-dependent 
ATPase Domain instead of full length protein.  Also, even SWI2/SNF2 proteins have 
helicase domain, they are not typical helicases. 
 
Fig. 5.1 A stereoview of UAP56–ADP interactions.  The N6 and N7 atoms of the adenine 
base in ADP interact with the glutamine of the Q motif in UAP56 helicase (Q72). (From Shi 
et al., 2004.  Reprinted with permission) 
 
On the other hand, through Q motif’s interactions with motif I and its importance for 
both ATP and RNA binding, it could act as a sensor for the state of the bound nucleotide.  
The Q motif could directly regulate the affinity of the protein for the substrate through 
conformational changes associated with nucleotide binding, and then regulate helicase 
activity.  Also it could act as a regulator of ATPase activity; i.e., it activates hydrolysis of 
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ATP only when substrates are correctly bound to the protein (Cordin et al., 2004).  The Q 
motif could stabilize a catalytically competent conformation of motif I and other helicase 
signature motifs (Strohmeier et al., 2011).  They found that in Hera N-terminal domain, 
the Q motif mutant Q28E has an abnormal motif I conformation that is dictated by the 
mutated Q motif, which leads to the displacement of the phosphate moiety of bound 
nucleotides, and effectively abolishes the nucleotide-sensing capability of motif I.  As a 
consequence, the relay of conformational changes that eventually lead to a closure of the 
cleft in the helicase core is blocked at the initial stage, which abrogates the unwinding 
activity of the protein (Strohmeier et al., 2011).  In the ligand-free structures of eIF4A and 
BstDEAD, only a few interactions are seen between the Q motif and motif I (Carmel and 
Matthews, 2004; Story et al., 2001).  However, this changes when a ligand is bound to 
motif I: in the ADP-bound eIF4A, in the MgADP-bound UAP56, in the sulfate-bound 
MjDEAD and in the citrate-bound UAP56, there are more extensive contacts between motif 
I and the Q motif (Story et al., 2001; Benz et al., 1999). 
Therefore, it is still inconclusive whether motif Q and motif I function coordinately or 
independently.  Further investigation is required.  For example, mutagenesis analysis of 
motif Q, motif I , or both will shed light on their functions.  Also changing glutamine to 
other amino acids, e.g., Q to N, Q to E, or Q to K, will help us to elucidate the structural 
roles of the Q motif.  Moreover, structural determination of the Q motif with ATP or DNA 
will explain many pazzles that we have not answered. 
 
5.3 The Q Motif is not Important for ATP Binding in ChlR1 
Like ChlR1, FANCJ is also a member of the SF2 DEAH-box DNA helicase family (Wu et 
al., 2009).  Previous work reported that the FANCJ-Q25A mutant can bind ATP as 
suggested by similar KM values compared with the wild-type protein.  However, the 
mutant protein is clearly compromised in its ability to hydrolyze ATP (Wu et al., 2012b).  
The reduced ATPase activity of FANCJ-Q25A may be partly attributed to its reduced ability 
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to bind DNA.  Our current results also demonstrated that the ChlR1-Q23A mutant has poor 
DNA binding ability, suggesting that the role of the Q motif present in FANCJ and ChlR1 is 
involved in DNA binding.  Since ATPase activity is usually DNA dependent, we 
hypothesize that the ChlR1-Q23A mutant abolished ATP hydrolysis activity due to its poor 
DNA binding ability. 
In further ATP binding assays, we have used chromatography to determine how much 
ATP bound to ChlR1 proteins (Fig. 4.8C and D), and ATP-agarose beads to determine how 
much protein bound to ATP (Fig. 4.9).  We also determined the equilibrium binding 
constant for ATP with a third method: filter dot blot.  The kd for ChlR1-WT and Q23A 
binding for ATP is 51.78 nM and 43.5 nM representatively (data not shown).  All these 
results indicated that ChlR1-Q23A protein had normal ATP binding ability compared with 
ChlR1-WT.  Thus, similar to the Q motif in FANCJ helicase, the Q motif in ChlR1 is not 
essential for ATP binding. 
However, we cannot rule out other possibilities that the affect the protein’s ATP 
hydrolysis activity.  For example, ATP binds to protein, but not in a suitable conformation 
for hydrolysis to occur; or ATP binding causes a conformational change that inhibits the 
protein’s DNA binding activity, which in turn reduces the protein’s ATP hydrolysis activity; 
or ATP binding affects the protein’s oligomerization state.  Whether the Q motif in ChlR1 
is directly involved in ATP binding can only be answered by co-crystallization of the ChlR1 
protein with ATP. 
 
5.4 ChlR1 Oligomerization and Potential Post-Translational Modification 
DNA helicases appear to be generally oligomeric (usually dimers or hexamers), which 
provides the helicase with multiple DNA binding sites (Lohman and Bjornson, 1996) and 
this process can influence their catalytic or biological functions.  Oligomerization is 
essential for ring-shaped helicases (RepA, Rho) to have function (Guo et al., 1999).  Even 
though many helicases in non-ring-shaped SF1 and SF2 helicase function as monomers, 
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their activity is greatly enhanced by the formation of dimers or higher oligomers (Levin et 
al., 2004; Maluf et al., 2003; Tackett et al., 2005).  The oligomerization state of ChlR1 is 
unknown, whereas biochemical studies have demonstrated that the optimal assembly state 
of FANCJ for catalytic activity is a dimer and the Q motif regulates its dimerization (Wu et 
al., 2012b).  taXPD is believed to exist as a monomer in solution (Pugh et al., 2008), 
whereas eukaryotic XPD is a stable component of the multi-subunit general transcription 
factor TF IIH complex (Egly and Coin, 2011).  Thus it is important to examine the ChlR1 
oligomerization state which may influence its substrate specificity or catalytic efficiency. 
We have used gel-filtration to determine whether ChlR1 that was purified from human 
cells can oligomerize, and the Q motif mutation might affect oligomerization.  We have 
found that ChlR1 protein elutes as a monomer peak with a corresponding molecular weight 
of 141 kDa, and helicase analysis showed this monomeric form has unwinding activity.  In 
fact, another Rad3/XPD family member, archaeal XPD, functions as a monomer in solution 
to unwind dsDNA substrate, and has no known stable interactions with other proteins 
(Rudolf et al., 2006).  Thus, the human ChlR1 protein seems to exist and function as a 
monomer, however, we found higher-order oligomers in a bacterial expression system. 
We have expressed and purified ChlR1 protein from E.coli, and found that its 
oligomerization state is different from the protein purified from human cells.  In addition 
to monomers, ChlR1 protein also forms tetramers in solution.  Moreover, helicase analysis 
with duplex fork substrate revealed that the bacterial expressed ChlR1 has lower helicase 
activity than the human cells expressed ChlR1.  Interestingly, the tetramer form of ChlR1 
has higher unwinding activity compared with the monomeric form of ChlR1.  The high 
protein expression level of bacteria may caused the ChlR1-WT to form tetramer in solution.  
Also, the length of DNA substrate could affect the oligomerization state of helicases.  
Longer substrate can provide more binding sites for helicases and they may form oligomers 
on the substrate instead of solution.  We continuely observed tetramers and monomers for 
the bacterial expressed ChlR1 protein, but due to limited time we haven’t repeated the 
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helicase assays.  Also, we faced sever protein aggregation when we attempted to purify 
ChlR1-Q23A, and some times with WT as well.  In the future, instead of only using SEC, 
we will use ion exchange chromatography in the protein purification. 
As we know, the human cell line expression system has much better post-translational 
modification (PTM) compared with bacterial expression systems.  PTM can promote 
protein folding, improve stability as well as regulating functions (Khoury et al., 2011).  In 
fact, the molecular mass of ChlR1 from human cells is 141 kDa, which is much higher than 
the ChlR1 protein from E.coli (119 kDa), indicating there is more PTM occurring to ChlR1 
protein that is expressed in human cells.  Indeed, several acetylation sites have been found 
in the ChlR1 protein (Dr. Robert Brosh lab, unpublished).  Our lab also found ChlR1 
undergoes ubiquitination (unpublished data).  Thus, we can’t rule out the possibility that 
bacteria are not able to correctly modify the ChlR1 helicase after translation.  Proteins that 
do not express in soluble form may not be modified or folded properly, or may precipitate 
within E. coli through formation of inclusion bodies (Graslund et al., 2008).  In this study, 
the bacterial expressed ChlR1 protein couldn’t be purified without sarkosyl, which was used 
to denature the protein in order to solubilize the inclusion bodies.  The protein is perhaps 
re-structured during purification, but we ddidn’t know whether ChlR1 was correctly folded 
or not.  As described above, the bacteria expressed tetramer form of ChlR1 may be not 
correctly folded as human cells expressed monomer ChlR1.  Nevertheless, further 
investigation would be required. 
 
5.5 Insight into the Role of the Q Motif from Bacterial Helicases to Human 
ChlR1 
Although helicases share similarities in their three-dimensional folds, particularly the two 
RecA-like domains (Subramanya et al., 1996; Singleton et al., 2000; Bird et al., 1998), 
human helicase and its bacterial counterpart may have subtle differences in 
structure/function.  So far human Rad3/XPD protein structure has not been solved.  A 
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structure of ChlR1 helicase analog, Thermoplasma acidophilum XPD (TaXPD), has been 
solved with a short DNA fragment (Kuper et al., 2012).  Point mutation experiments 
revealed that there are several DNA binding residues (R59A, R88H, E107A, F133A, 
Y166A, K170A, F326A, Y425E, W549S, D582N, and R584E) in the TaXPD helicase; 
however, the conserved glutamine (Q8) of Q motif is far from the DNA binding region (Fig. 
5.2A, PDB 4A15). 
In order to obtain insight into the structural function of the Q motif in ChlR1 helicase, we 
performed the tertiary structure prediction for the ChlR1 by superimposing the human 
ChlR1 sequence on the TaXPD structure (PDB 4A15, Fig. 5.2B).  The predicted ChlR1 
model starts from Glu202 and TaXPD structure begins with Arg5.  Since full-length ChlR1 
has 906 amino acids while taXPD has only 620 amino acids, about 180 amino acids 
between motif I and motif Ia is missing in TaXPD sequence (Fig. 5.2C).  Thus the Q23 
residue of human ChlR1 cannot be located in the predicted ChlR1 model.  From this point 
of view, the predicted ChlR1 model can’t truly illustrate the function of the Q motif in 
ChlR1 helicase.  Furthermore, secondary structure prediction revealed that the sequence 
between motif I and motif Ia in ChlR1 is able to form α-helix and β-sheet (Fig. 5.2D).  It is 
possible that there is an unidentified accessory helicase domain located between motif I and 
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Fig. 5.2 ChlR1 secondary and tertiary structure prediction.  (A) A side view of the 
TaXPD–DNA structure (PDB 4A15).  Single-stranded DNA is indicated in red.  The 
glutamine (Q8) is highlighted in blue.  (B) Superimposing ChlR1 (orange) on a TaXPD 
helicase structure (green).  The structure was made with program SWISS-MODE and 
viewed with Swiss PdbViewer 4.0.  (C) Sequence alignment of the N terminal region of 
hsFANCJ (top), hsChlR1 (middle) and TaXPD (bottom).  The grey bars indicate the 
homologous residues.  The alignment was generated with Clustal X.  (D) The secondary 
structure prediction for ChlR1 N terminus (1-200 aa).  The pink columns represent α-helix, 
yellow arrows indicate β-sheet, and blue bar’s heights indicate confidence of prediction.  
The secondary structure prediction was generated by PsiPred. 
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motif Ia.  RTEL contains an accessory PIP domain which is capable of interacting with 
proliferating cell nuclear antigen (PCNA) (Warbrick, 2000).  FANCJ contains an BRCA1 
interacting accessory domain which is important for its DNA damage repair functions (Xie 
et al., 2010).  Therefore we can’t rule out the possibility that the Q motif in ChlR1 may 
have different structural functions, although the Q motif of TaXPD doesn’t contact directly 
with single-stranded DNA.  Also in a previous study, the Q motif in FANCJ helicase is 
involved in DNA binding (Wu et al., 2012b).  Taken together, the exact roles of the Q 
motif in ChlR1 for ATP binding and/or DNA binding requires further investigation. 
 
5.6 The Importance of the Q Motif in BLM and ChlR1 Helicases 
Although ChlR1 Q motif mutations have not been found in patients, a missense mutation 
located in the Q motif (Q672R) in BLM helicase has been reported to cause Bloom 
syndrome (Ellis et al., 1995).  The Bloom syndrome patient-derived BLM-Q672R 
mutation protein localized to the nucleus; however, there were a reduced number of foci 
after cellular exposure to mitomycin C or hydroxyurea (Guo et al., 2007).  The 
BLM-Q672R mutation abolishes the helicase activity and severely diminishes the ATPase 
activity of the purified recombinant protein (Guo et al., 2007).  However, the BLM-Q672R 
protein retained its normal DNA binding, leading the authors to propose that residue 
Gln-672 is involved in ATP binding.  Although the Q23A mutation also impaired ChlR1 
catalytic function, the effect of the mutation appears to be distinct from that of the 
BLM-Q672R mutation because the ChlR1-Q23A mutation impaired DNA binding.  
Overexpression of BLM-Q672R in Bloom syndrome cells failed to correct the high sister 
chromatid exchanges in Bloom syndrome cells (Neff et al., 1999), demonstrating that the 
molecular defect of the mutant protein displayed phenotypic consequences.  ChlR1 is also 
involved in sister chromatid cohesion during mitosis, so it would be of interest to 
investigate the cellular functions of Q motif in ChlR1 helicase, such as a genetic 
complementation study will be required. 
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Recently, it was reported that ChlR1 is upregulated with progression from non-invasive 
to invasive melanoma, and is expressed at high levels in advanced melanoma (Bhattacharya 
et al., 2012).  It is probable that ChlR1, like a number of DNA helicases, is differentially 
regulated in transformed or neoplastic cells and tissues in addition to melanoma (Brosh, Jr., 
2013).  It is still unknown why an increasing number of helicases are elicited to help cells 
deal with replication stress or DNA damage in cancer cells, and whether they are tailored to 
specific functions or tissue types.  Indeed, early studies demonstrated that keratinocyte 
growth factor strongly induced the ChlR1 gene (Frank and Werner, 1996).  ChlR1 may be 
a useful target for battling melanoma, but it is unclear what the consequence(s) of targeted 
ChlR1 inhibition would be for normal cells, or if other cancer cell types also rely on 
elevated ChlR1 expression for proliferation (Bhattacharya et al., 2012).  Understanding the 
molecular and cellular functions of ChlR1 helicase should help us to better understanding 
the pathology of Warsaw breakage syndrome and melanoma. 
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6. Conclusions and Future Work 
6.1 Conclusions 
ChlR1-WT protein and ChlR1-Q23A mutant protein were successfully over-expressed, 
purified from HEK293T cells using FLAG antibody resin.  We have discovered that the Q 
motif in ChlR1 is essential for its DNA binding, translocate and helicase activity.  In other 
helicases, this conserved glutamine of the Q motif has been shown to be required for ATP 
binding, but we discovered that the Q motif is just essential for ATP hydrolysis instead of 
ATP binding in ChlR1 helicase.  SEC results revealed that ChlR1-WT helicase function as 
monomer, which means the Q motif in ChlR1 is not involved in oligomerization.  By using 
thermal shift assays and partial proteolysis mapping, we found that the globular structure of 
Q23A mutant protein is similar to wild-type protein, but subtle differences still exist.  
ChlR1-WT protein was also successfully expressed and extracted from bacterial with 
Ni-NTA chromatography.  The bacterial expressed ChlR1-WT protein has different 
oligomerization state, monomer and tetramer were both observed in SEC profile.  The 
tetramer form wild-type protein showed helicase activity on forked duplex substrate, but 
much lower when compared with HEK293T cell expressed protein. 
Because all ChlR1-like helicases possess a Q motif, mutational analysis of the Q motif 
in ChlR1 helicases and related helicases will provide insight into the roles of the Q motif in 
superfamily 2 DNA helicases, which play vital roles in DNA replication, repair, 
recombination, and transcription. 
 
6.2 Future Directions 
The bacterial expressed ChlR1 protein is not soluble in solution until sarkosyl is added.  
Also ChlR1-Q23A protein aggregated during purification.  The expression conditions and 
purification procedures need to be optimized.  We can change the His tag into GST tag in 
order to make the protein more soluble. Or we can can try other tags like Arg-tag and 
Strep-tag. On the other hand, after the protein was unfolded by sarkosyl, the renature 
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process is incorrect and leaded to aggregation, so we should change the protein denature 
detergent.  
Whether the motif Q function independently or coordinately with other motifs is still in 
conclusive, further investigation is required.  Mutagenesis analysis of motif Q or other 
motifs will shed light on their functions.  Also changing the glutamine of the motif Q to 
other amino acids, e.g., Q to N, Q to E, or Q to K, will help us to elucidate the structural 
roles of the Q motif. 
The in vivo functions of ChlR1 protein haven’t been determined.  By transfecting GFP 
tagged ChlR1-WT or Q23A protein inside cells, we can detect whether DNA damage can 
induced foci in cells.  Also, we are able to determine whether ChlR1-Q23A can function in 
vivo by genetic complementation of ChlR1-null cells, using sister chromatid cohesion as a 
readout. 
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